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Meiosis is the process in which one diploid cell is divided into four haploid 
gametes. This process must be tightly regulated, as errors can result in infertility, 
genetic mutation, or miscarriage. In mammals, this process is sexually dimorphic. 
Spermatogenesis begins during puberty and continues cyclically throughout the 
lifetime of the male. In contrast, oocytes are formed during embryogenesis, then 
arrest until immediately prior to ovulation. Oocytes are also unique in that they 
undergo acentriolar division, instead relying on microtubule organizing centers. 
Due to these differences in timing and organization, many meiotic regulators 
function differently in each sex. This thesis explores the roles of three meiotic 
proteins, and how those roles differ between oocytes and spermatocytes. I 
examine the meiotic roles of polo-like kinase 1 (PLK1) in oogenesis and 
demonstrate that it is a critical regulator of microtubule organizing center (MTOC) 
and liquid-like spindle domain (LISD) organization. I also investigate the 
localization of another polo-like kinase, PLK4, during spermatogenesis. 
Additionally, I present preliminary data evaluating the possibly sexually dimorphic 
roles of both PLK4 and SAS4. Together, the results presented in this thesis 
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Background and Summary 
Background 
 During meiosis, one diploid mother cell is divided into four haploid daughter 
cells. This process requires the precise organization and regulation of cellular 
machinery to ensure that genetic information is properly divided. Dividing germ 
cells rely on subcellular structures to first separate homologous chromosomes in 
meiosis I, and then subsequently separate sister chromatids in meiosis II. Errors 
in meiosis can result in improperly divided gametes, causing infertility or 
miscarriage (Bazzi and Anderson, 2014; Bettencourt-Dias et al., 2005; Harris et 
al., 2011; Holubcová et al., 2015; Namgoong and Kim, 2018). 
 In mammals, this process is sexually dimorphic. Spermatocytes make use 
of canonical centrosomes, much like the mechanisms in mitotically dividing cells. 
The centrioles localize to the spindle poles and serve as a nucleation site for 
microtubules, which in turn form the metaphase spindle. In contrast, oocytes 
undergo acentriolar division, and instead rely on microtubule organizing centers 
(MTOCs). The stages of mammalian meiosis also occur at different times in males 
and females. The meiotic stages of spermatogenesis begin in puberty and 
continue in a cyclical manner throughout the lifetime of the organism. Oocytes, on 
the other hand, undergo most of prophase I while the female is still an embryo. 
The oocytes will then enter a late prophase arrest – referred to as a dictyate arrest 
– a few days after the female is born. Starting at puberty, a small number of oocytes 
will resume meiosis immediately prior to ovulation. 
2 
 These differences in mechanisms and timing present unique challenges for 
each sex. Dividing spermatocytes need to properly duplicate and divide centrioles 
(Bettencourt-Dias et al., 2005; Sumiyoshi et al., 2002). Oocytes must maintain the 
integrity of both MTOCs and condensed chromatin during the extended dictyate 
arrest (Nagaoka et al., 2012; Schatten and Sun, 2015; Webster and Schuh, 2017). 
Based on these differences, it is hypothesized that mammalian oocytes and 
spermatocytes use different regulatory mechanisms to ensure that meiosis is 
completed properly. 
Summary 
 The works presented in this thesis aim to further evaluate the differences 
between male and female meiosis. We investigate the roles of three different 
proteins, utilizing several mouse models with germ-cell specific conditional genetic 
mutations. The included data proposes previously unknown roles for these 
proteins, and further confirms the drastic sexual dimorphism in mammalian 
meiosis. 
 In Chapter I, I detail our studies of polo-like kinase 1 (PLK1) in oogenesis. 
Research into PLK1’s meiotic roles have previously relied on RNA interference 
and chemical inhibition, which have produced conflicting results (Clift and Schuh, 
2015; Lee and Rhee, 2011). We utilize a Plk1 conditional knockout (cKO) mouse 
model to independently demonstrate that PLK1 is essential for multiple steps of 
oogenesis, including chromatin compaction, MTOC organization and LISD 
recruitment. 
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 Another member of the polo-like kinase family, PLK4, is also known to have 
an important role in mitosis. PLK4 has been shown to regulate mitotic centriole 
biogenesis (Arquint and Nigg, 2016; Arquint et al., 2012; Moyer and Holland, 
2019). PLK4 is known to localize to MTOCs in mammalian oocytes (Bury et al., 
2017; Luo and Kim, 2015), but its localization in spermatocytes is unknown. In 
Chapter II, we aim to better understand its localization. We utilize a conditional 
overexpression mouse model (Basto et al., 2006) in which germ cells express high 
levels of a mCherry-Plk4 transgene. We show that the tagged protein localizes to 
the centrioles of spermatocytes, indicating that PLK4 plays a role in centriolar 
regulation. 
 In Chapter III, I further investigate the meiotic regulation of both centrioles 
and MTOCs. We use a novel Plk4 cKO mouse model to better evaluate roles of 
PLK4 in both males and females. We also use a Sas4 cKO model to determine the 
meiotic roles of SAS4, a scaffolding protein that forms the foundation of centrioles 
in mitosis (Gopalakrishnan et al., 2011; Kuriyama, 2009; Leidel and Gönczy, 
2003). Our preliminary results show that both PLK4 and SAS4 are necessary for 
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PLK1 is required for chromosome compaction and microtubule organization 
in mouse oocytes 
Tara M. Little and Philip W. Jordan 
This chapter was published in Molecular Biology of the Cell (2020) and is 
reproduced here with minor edits. 
 
Abstract 
  Errors during meiotic resumption in oocytes can result in chromosome 
missegregation and infertility. Several cell cycle kinases have been linked with 
roles in coordinating events during meiotic resumption, including polo-like kinases 
(PLKs). Mammals express four kinase-proficient PLKs (PLK1–4). Previous studies 
assessing the role of PLK1 have relied on RNA knockdown and kinase inhibition 
approaches, as Plk1 null mutations are embryonically lethal. To further assess the 
roles of PLK1 during meiotic resumption, we developed a Plk1 conditional 
knockout (cKO) mouse to specifically mutate Plk1 in oocytes. Despite normal 
oocyte numbers and follicle maturation, Plk1 cKO mice were infertile. From 
analysis of meiotic resumption, Plk1 cKO oocytes underwent nuclear envelope 
breakdown with the same timing as control oocytes. However, Plk1 cKO oocytes 
failed to form compact bivalent chromosomes, and localization of cohesin and 
condensin were defective. Furthermore, Plk1 cKO oocytes either failed to organize 
α-tubulin or developed an abnormally small bipolar spindle. These abnormalities 
were attributed to aberrant release of the microtubule organizing center (MTOC) 
linker protein, C-NAP1, and the failure to recruit MTOC components and liquid-like 
spindle domain (LISD) factors. Ultimately, these defects result in meiosis I arrest 
before homologous chromosome segregation. 
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Introduction 
Meiosis is a specialized cell division that results in the generation of haploid 
gametes from a diploid precursor germ cell. During meiosis, newly replicated 
homologous chromosomes become associated with one another via crossover 
recombination events. During the first meiotic division (meiosis I), homologous 
chromosomes segregate from one another, whereas sister chromatids remain 
paired until the second meiotic division (meiosis II). Errors during meiosis can lead 
to mutation, aneuploidy, and infertility.  
Mammalian female meiosis possesses several unique features that are 
prone to error. First, meiosis is arrested at two different stages. Meiosis is initiated 
during embryogenesis, and arrests in late prophase, at a stage known as dictyate. 
During meiotic prophase, before arrest, chromosomes are subjected to induced 
DNA double-strand breaks that require repair via homologous recombination, 
which results in at least one crossover recombination event that stably links 
homologous chromosomes (Gray and Cohen, 2016). The amount of time for this 
first meiotic arrest differs from one oocyte to another. This is because meiotic 
prophase arrest is dictated by hormonal induced oocyte maturation, which is 
cyclical and results in one or a small subset of oocytes maturing for ovulation. It 
has been well documented that oocytes that remain arrested at dictyate for longer 
periods of time display depleted levels of proteins that are critical for meiotic 
resumption and chromosome segregation (Nagaoka et al., 2012; Schatten and 
Sun, 2015; Webster and Schuh, 2017). For example, the structural maintenance 
of chromosome (SMC) complexes, cohesin and SMC5/6, have been implicated in 
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increased oocyte age-related errors in chromosome segregation (Burkhardt et al., 
2016; Hwang et al., 2017; Jessberger, 2012; MacLennan et al., 2015). Following 
meiotic resumption, oocytes undergo meiosis I where homologous chromosomes 
segregate, but sister chromatids remain associated with one another via 
centromeric cohesion (MacLennan et al., 2015). Sister chromatids then align on a 
metaphase II plate but remain arrested unless the oocyte is fertilized (Mogessie et 
al., 2018). 
Another strikingly unique feature of oocytes is that they undergo meiotic 
divisions in an acentriolar manner. Instead, microtubule organizing centers 
(MTOCs), containing pericentrosomal components, including CEP192, gamma-
tubulin, and NEDD1, are fragmented within the oocyte following nuclear envelope 
breakdown (NEBD) and the resumption of meiosis I (Baumann et al., 2017; Clift 
and Schuh, 2015; Lee et al., 2017; Ma et al., 2017). Prior to meiotic resumption, 
MTOCs are held together by a linker protein, C-NAP1 (Sonn et al., 2011). C-NAP1 
also links together centrioles in spermatocytes and mitotic cells (Vlijm et al., 2018; 
Zhang et al., 2015). In mitosis, PLK1 has been shown to phosphorylate C-NAP1 
to induce centriole separation (Mardin et al., 2011).  
In parallel to MTOC fragmentation, Aurora A kinase facilitates the 
distribution of a liquid-like meiotic spindle domain (LISD) by phosphorylating LISD 
component, TACC3 (So et al., 2019). The LISD is essential for the stabilization of 
microtubules emanating from the MTOCs. The fragmented MTOCs then coalesce 
evenly into two MTOC structures on either side of the condensing bivalent chromo-
somes and form the bipolar spindle required to facilitate chromosome segregation 
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during meiosis I (Namgoong and Kim, 2018). It has been demonstrated that 
disassociation of C-NAP1 from the MTOC must occur before MTOC fragmentation 
and subsequent downstream steps (Clift and Schuh, 2015; Lee and Rhee, 2011).  
The family of polo-like kinases (PLKs) consist of several closely related 
proteins with highly conserved structures (de Cárcer et al., 2011a). Each PLK has 
an N-terminal kinase domain and one to several C-terminal polo-box domains 
(Figure I.1). The polo-box domains contain tandem amino acid sequences that 
recognize serine and threonine motifs on target proteins (Almawi et al., 2020; Elia 
et al., 2003; Lee and Amon, 2003). Interactions at these domains have been shown 
to affect both localization and activation of the kinase (Elia et al., 2003). PLKs are 
found in all eukaryotic organisms. Mammals have 5 PLKs, each with unique 
functions. Mammalian PLK1-4 are known to play a role in mitotic division. PLK1 
has been shown to regulate kinetochore and spindle organization in mitosis (de 
Cárcer et al., 2011a; Gheghiani et al., 2017; Li et al., 2008; Zhang et al., 2009). 
PLK2 regulates centriole duplication throughout developing embryos and in adult 
neuronal cells (Cizmecioglu et al., 2008; Cozza and Salvi, 2018; Ma et al., 2003). 
PLK3 is believed to be involved in cellular stress and the p53 apoptotic pathway 
(Aquino Perez et al., 2020; Bahassi et al., 2006; Xie et al., 2001). PLK4 regulates 
centriole duplication in mitotic cells, but has also been shown to be essential for 
meiotic resumption and acentriolar spindle formation in mammalian oocytes 
(Bettencourt-Dias et al., 2005; Bury et al., 2017; Ko et al., 2005; Luo and Kim, 
2015; Moyer and Holland, 2019). In contrast, PLK5 is an inactive kinase which is 
believed to induce apoptosis in quiescent neuronal cells (de Cárcer et al., 2011b). 
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PLK2 and PLK3 null mice develop into adulthood, with significant mitotic defects 
(Ma et al., 2003; Myer et al., 2011). PLK1 and PLK4 null mutations are 
embryonically lethal  (Lu et al., 2008; Rosario et al., 2010).  
PLK1 and PLK4 have also been shown to regulate mammalian meiosis, 
although their roles are not as well understood as in mitosis. Through the use of 
chemical inhibitors, PLK1 has been shown to regulate meiotic chromosome 
condensation and spindle formation (Solc et al., 2015; Zhang et al., 2017). PLK1 
is also believed to contribute to nuclear envelope breakdown (NEBD) in 
mammalian oocytes (Clift and Schuh, 2015). Chemical inhibition, genetic mutation 
and RNAi-based experiments have demonstrated that PLK4 is also essential for 
mammalian meiosis  (Bury et al., 2017; Harris et al., 2011; Luo and Kim, 2015).  
Since PLK1 null mutations are embryonically lethal, studies into PLK1’s 
function in meiosis have been limited to RNA interference (RNAi) or chemical 
inhibitor-based depletion. Using these approaches, inhibition of PLK1 kinase 
function and has been shown to inhibit C-NAP1 disassociation from MTOCs, which 
causes defects in MTOC biogenesis and prevents the formation of conventional 
bipolar spindles (Clift and Schuh, 2015). While these studies are informative, these 
approaches are limited. Given the close structural similarity of the PLK family, it is 
possible that RNAi or inhibitors may affect other PLKs. Given the temporal 
dependence of RNAi and inhibitors, it is also possible that pre-treatment and post-

















Figure I.1:  Members of the PLK family share a similar structure consisting of an 
N-terminal kinase domain and C-terminal polo-box domains (designated “PB”). 








genetic model of depletion is necessary to better understand PLK1’s roles in 
meiosis. 
To further our collective understanding of the requirements for PLK1 during 
meiotic resumption in mammals, we utilized a Plk1 conditional knockout approach 
to mutate Plk1 specifically in mouse oocytes before meiotic resumption. We 
demonstrate the importance of PLK1 in ensuring female fertility and show novel 
findings with regard to chromosome architecture, and regulation of MTOC and 
LISD regulation. 
Materials and Methods 
Ethics Statement 
All mice were bred at Johns Hopkins University (JHU, Baltimore, MD) in 
accordance with the National Institutes of Health and U.S. Department of 
Agriculture criteria. Protocols for their care and use were approved by the 
Institutional Animal Care and Use Committees of JHU. 
Mice 
mESC clones HEPD0663_7_E04 (C57BL/6N-A/a genetic background) 
bearing a “knockout first” allele of Plk1 (Plk1tm1a(EUCOMM)Hmgu) were acquired 
from the Knockout Mouse Project (https://www.mousephenotype.org/data/genes/
MGI:97621). 
Chimeras were obtained by microinjection of HEPD0663_7_E04 mESCs 
into C57BL/6JN blastocyst-stage mouse embryos and assessed for germline 
transmission. Heterozygous progeny were bred with a C57BL/6J Flp recombinase 
deleter strain (B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ, JAX) to remove 
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the SA-LacZ and Neo selection cassette and produce the floxed exon 4 (desig-
nated Plk1 flox). 
To produce offspring heterozygous for the deleted exon 4 (designated Plk1 
del), heterozygous Plk1 flox males were mated to Sox2-Cre C57BL/6J (B6.Cg-
Tg(Sox2-cre)1Amc/J, JAX) mice. 
Further, heterozygous Plk1 del mice were bred to mice harboring the Cre 
transgenes that are specifically expressed in germ cells—Spo11-Cre (C57BL/6-Tg 
Spo11-cre)1Rsw/PecoJ), Gdf9-Cre (C57BL/6-Tg (Gdf9-icre)5092Coo/J), and Zp3-
Cre (C57BL/6-Tg(Zp3-cre)93Knw/J)—which resulted in male progeny heterozy-
gous for the Plk1 del allele and hemizygous for the germ cell–specific Cre 
transgene. These mice were bred to female homozygous Plk1 flox mice to derive 
Plk1 cKO (Plk1 flox/del, Cre) and control (Plk1 +/flox) genotypes. 
PCR genotyping 
Primers used are described in Supplemental Table I.1. PCR conditions: 90°C for 
2 min; 30 cycles of 90°C for 20 s, 58°C for annealing, 72°C for 1 min. 
Oocyte harvesting and culture 
Neonatal mice were harvested 1–2 d postpartum. Ovaries were dissected 
using methods previously described (Hwang et al., 2018b). 
Adult female mice were injected intraperitoneally with 5 IU of equine chorionic 
gonadotropin (Sigma) to stimulate ovarian follicle development. GV-staged 
oocytes were harvested from ovaries 44–48 h later. For metaphase II oocytes, 
mice were injected with 5 IU of equine chorionic, then injected with 5 IU of human 
chorionic gonadotropin (Sigma) 48 h later. Metaphase II oocytes were harvested 
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from the ampulla 12 h later. Oocytes were cultured in M2 medium supplemented 
with 5% fetal bovine serum (FBS; Life Technologies), and 3 mg/ml bovine serum 
albumin (BSA; Sigma-Aldrich). Oocyte-cumulus cell complexes were exposed to 
300 IU/ml hyaluronidase (Sigma) in M2 medium supplemented with 3 mg/ml BSA 
to denude oocytes of surrounding cumulus cells. 
For GVBD to metaphase I analyses, oocytes were harvested into M2 
medium supplemented with 5% FBS, 3 mg/ml BSA, and 10 mM milrinone (Sigma-
Aldrich). The oocytes were then washed and cultured in M2 medium supplemented 
with 5% FBS and 3 mg/ml BSA, and visually assessed for GVBD throughout a 6-
h incubation. For premetaphase timepoints, oocytes were incubated for less time 
(0 h for dictyate, 2 h for NEBD, and 4 h for prometaphase). Metaphase-stage 
oocytes were harvested after a 6-h incubation. 
Histology and microscopy 
For histological assessment of oocytes, ovaries were fixed with Bouin’s 
fixative, sectioned (5 μm thick), and stained with hematoxylin and eosin. Follicle 
stages were determined by visual assessment, as reported previously (Hwang et 
al., 2017). 
Oocyte chromatin spreads and whole-oocyte mounts for immu-
nofluorescence microscopy analyses were performed using techniques previously 
described (Hwang et al., 2018b). Primary antibodies used and dilutions are listed 
in Supplemental Table I.2. Secondary antibodies against mouse, rabbit, and 
human IgG and conjugated to Alexa 488, 568, or 633 (Life Technologies) were 
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used at 1:500 dilution. Preparations were then mounted with Vectashield + DAPI 
medium (Vector Laboratories) or Clearmount (Invitrogen). 
Images were captured using a Zeiss Cell Observer Z1 linked to an ORCA-
Flash 4.0 CMOS camera (Hamamatsu) and analyzed with the Zeiss ZEN 2012 
blue edition image software. Photoshop (Adobe) was used to prepare figure 
images. Images shown are representative of defects and were chosen to 
demonstrate the observed phenotypes. 
Meiotic substages of oocytes were determined visually using either SYCP3, 
alpha-tubulin, or DNA morphology. For quantification, metaphase-stage oocytes 
were identified by having condensed chromatin or bipolar alpha-tubulin 
localization. Quantification of MTOC and LISD components only included oocytes 
with at least one of those two characteristics. 
Spindle dimensions were visualized with alpha-tubulin antibodies and 
measured using ImageJ (National Institutes of Health). Spindle length was defined 
as the distance from one spindle pole to the other. Spindle width was measured 
across the widest part of the spindle. 
Graph preparation and statistical analysis was performed using GraphPad 
Prism (GraphPad Software). Two-tailed Mann-Whitney tests were performed to 
determine P values. The number of samples used for each quantification is 
included in the corresponding figure legend. 
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Results 
Conditional knockout of Plk1 in oocytes results in infertility 
We used a floxed Plk1 allele (Plk1 flox) to assess the requirement for PLK1 
during meiotic resumption in female mice (Figure I.2A; see Materials and 
Methods). Breeding heterozygous Plk1 flox mice to mice expressing the Cre 
recombinase transgene generated a knockout (KO) allele termed Plk1 del (Figure 
I.2A). We tested three germ cell–specific Cre transgenes, Spo11-Cre, Gdf9-Cre, 
and Zp3-Cre. Spo11-Cre is expressed during early prophase of meiosis, before 
the dictyate meiotic arrest (Hwang et al., 2018a; Lyndaker et al., 2013). In contrast, 
the Gdf9-Cre and Zp3-Cre are both expressed following the dictyate meiotic arrest, 
but before resumption of meiosis (Lan et al., 2004). Gdf9-Cre is first expressed in 
primordial follicles by 3 d postpartum (dpp), and Zp3-Cre is first expressed in pri-
mary follicles by 5 dpp. 
We first assessed PLK1 depletion in conditional knockout (cKO) oocytes 
compared with controls by assessing PLK1 localization via immunofluorescence 
microscopy during meiotic resumption. Consistent with previous studies (Clift and 
Schuh, 2015; Pahlavan et al., 2000; So et al., 2019; Solc et al., 2015; Sun et al., 
2012; Wang et al., 2017; Xiong et al., 2008), PLK1 localizes to the developing 
spindle and kinetochores of the condensed bivalents (Figure I.2, B and D). 
Surprisingly, despite observing efficient deletion of the floxed third exon of Plk1 
(Supplemental Table I.1), cKO of Plk1 using Gdf9-Cre or Zp3-Cre did not result in 
depletion of PLK1 protein (Supplemental Figure I.2, A and B). These observations 
demonstrate that mRNA levels and protein levels before conditional mutation of 
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the Plk1 flox allele are sufficient to maintain PLK1 protein levels during meiotic 
progression. In contrast, using the Spo11-Cre transgene resulted in the absence 
of PLK1 protein in Plk1 cKO oocytes in metaphase I (Figure I.2, C and E and 
Supplemental Figure I.2, C and D). Therefore, we focused on Plk1, Spo11-Cre 
cKO mice in this study. 
Breeding Plk1 +/flox, Spo11-Cre females to wild-type males showed that 
mutation of the Plk1 flox allele mediated by Spo11-Cre was 90% efficient 
(Supplemental Table I.3). Because Spo11-Cre is expressed in early prophase, it 
is possible that defects could be occurring in newborn oocytes, before the dictyate 
arrest. Therefore, we assessed the meiotic stages of oocytes from newborn 
females and did not observe morphological differences with regard to prophase 
stage distribution, or synapsis and desynapsis morphology (Figure I.2, F and G). 
Plk1 cKO oocytes fail to form polar bodies 
Adult Plk1, Spo11-Cre cKO females failed to produce litters (N = 5). Despite 
this infertility, Plk1 cKO females had normal ovarian morphology and equivalent 
oocyte numbers (Figure I.3, A and B). We isolated oocytes from control and Plk1, 
Spo11-Cre cKO mice and assessed synchronized meiotic resumption in vitro. We 
measured nuclear envelope breakdown (NEBD, also known as germinal vesicle 
breakdown, GVBD) and first polar body formation. NEBD was equivalent between 
controls and Plk1, Spo11-Cre cKO oocytes (Figure I.3C). To address whether 
oocytes would reach a metaphase II arrest stage, we assessed ovulated oocytes 











Figure I.2:  PLK1 localizes to the microtubule organizing centers and centromeres 
in oocytes. (A) Schematic of mouse Plk1 floxed allele containing loxP sites (red 
triangle), flanking exon 4 (gray box), and the resulting Plk1 deletion allele after 
excision of exon 3 by Cre recombinase in early prophase. The purple round-sided 
rectangle represents the remaining Frt site following FLP-mediated recombination 
of the original conditional ready tm1a allele (see Materials and Methods). (B, C) 
Control (B) and Plk1 cKO (C) oocytes immunolabeled with antibodies against 
PLK1 (green) and alpha-tubulin (α-TUB, red), and counterstained with DAPI (DNA, 
blue). Scale bar: 10 μm. (D, E) Chromatin spread preparation of control (D, scale 
bar: 5 μm) and Plk1 cKO (E, scale bar: 5 μm) oocytes immunolabeled with 
antibodies against PLK1 (green) and centromeres/kinetochores (CEN, purple), 
and counterstained with DAPI (DNA, blue). (F) Chromatin spread preparations of 
control and Plk1 cKO pachytene- and diplotene-stage oocytes harvested from 
newborn females (2 dpp). Spreads are stained with SYCP3 (green) and 
counterstained with DAPI (DNA, purple). Scale bar: 10 μm. (G) Quantification of 
meiosis I stages of oocytes harvested from newborn females (1–2 dpp). Six control 
mice and four Plk1 cKO mice were assessed, with 100 oocytes counted per 
mouse. Mean and SD of each column are represented by the black bars. No 
significant difference between the control and Plk1 cKO was observed according 





metaphase II with an attached polar body. In contrast, Plk1, Spo11-Cre cKO failed 
to extrude the first polar body (Figure I.3D). Assessment of oocytes via 
immunofluorescence microscopy indicated that Plk1, Spo11-Cre cKO oocytes 
failed to undergo metaphase-to-anaphase transition during meiosis I (Figure I.3E). 
Thus, our studies focused on the transition from NEBD to metaphase I. 
Plk1 cKO oocytes show abnormal chromosome compaction 
During meiotic resumption, homologous chromosomes associated via 
chiasmata (crossovers) condense and form easily discernible bivalent structures 
(Figure I.4A). We assessed bivalent formation, and compared axis morphology 
between the control and Plk1, Spo11-Cre cKO by analyzing cohesin and 
condensin localization in oocytes 6 h after meiotic resumption. From observing 
chromosome spread preparations, almost all control oocytes display bivalent 
chromosome morphology (Figure I.4, A and B). In contrast, 40% of Plk1, Spo11-
Cre cKO oocytes failed to form compact chromosomes, instead having dispersed 
chromatin signal where resolution between separate chromosome pairs was not 
evident. We assessed axis formation in more detail by analyzing REC8 and SMC4, 
cohesin and condensin components, respectively. REC8-cohesin complexes form 
a single axial structure along the bivalent core (Figure I.4C). The expected axial 
localization of cohesin was observed for most chromatin spread preparations of 
control oocytes (Figure I.4, C and D). However, 40% of Plk1, Spo11-Cre cKO 
oocytes displayed only partial cohesin axis formation. Condensin forms two 
separate axes within the bivalent (Figure I.4E). The chromatin morphology defects 









Figure I.3:  Plk1 cKO follicle numbers and NEBD timing are equivalent to control, 
but oocytes fail to extrude the first polar body. (A) Cross sections of ovaries from 
adult control and Plk1 cKO mice stained with hematoxylin and eosin. Scale bar: 
250 μm. (B) Quantification of follicle stages from hematoxylin and eosin stained 
ovaries from control and Plk1 cKO mice. Ten ovaries were counted per genotype. 
Mean and SD of the columns of each graph are represented by the black bars. No 
significant difference between the control and Plk1 cKO was observed according 
to a Mann-Whitney test (two-tailed). (C) Timing of NEBD in oocytes from control 
and Plk1 cKO mice. Oocytes (434) from 10 control mice and 401 oocytes from 10 
Plk1 cKO mice were assessed. Mean and SD of the columns of each graph are 
represented by the blue circles (control), pink squares (Plk1 cKO), and 
corresponding bars. No significant difference between the control and Plk1 cKO 
was observed according to a Mann-Whitney test (two-tailed). (D) Quantification of 
first polar body extrusion in control and Plk1 cKO metaphase II oocytes collected 
from ampullas. Oocytes (84) from 5 control mice and 35 oocytes from 4 Plk1 cKO 
mice were assessed. The majority of control oocytes scored without a polar body 
are likely a result of polar body loss during the collection and staining process. 
Bars represent 95% confidence intervals, and the P value (Mann-Whitney, two-
tailed) for the indicated comparison is significant (P < 0.0001). (E) Examples of 
metaphase II control and Plk1 cKO oocytes stained for alpha-tubulin (α-TUB, 
green) and DNA (DAPI, purple). Dotted circles indicate the outline of oocytes. 





condensin localization where the majority of oocytes had only partial condensin 
axial localization (55%), and a significant number with dispersed condensin 
localization throughout the chromatin (24%; Figure I.4, E and F). 
Plk1 cKO oocytes fail to form normal bipolar metaphase I spindles 
During meiotic resumption, acentriolar MTOC components fragment 
throughout the oocyte, then coalescence evenly on either side of the condensing 
bivalents to form the bipolar metaphase I spindle required to mediate chromosome 
segregation during meiosis I (Clift and Schuh, 2015). We first assessed bipolar 
spindle formation, using antibodies raised against alpha-tubulin, 6 h after meiotic 
resumption. From observing whole-oocyte preparations, almost all control oocytes 
developed a bipolar metaphase I spindle (Figure I.5, A and B). In contrast, 60% of 
Plk1, Spo11-Cre cKO oocytes formed a bipolar spindle, and the remaining 40% of 
oocytes did not harbor any alpha-tubulin signal. From further analyses of the 
bipolar spindle that formed in 60% of Plk1, Spo11-Cre cKO oocytes, we deter-
mined that the alpha-tubulin spindle length and width were reduced compared with 
the control oocytes (Figure I.5, C–E). Taken together, these data indicate that 
PLK1 is important for regulation of acentriolar MTOC dynamics following meiotic 
resumption in mouse oocytes, which is critical for the formation of bipolar spindles 
that are capable of mediating chromosome segregation during the metaphase-to-
anaphase I transition. 
Plk1 cKO oocytes display defects in MTOC and LISD distribution 
Although we did observe bipolar spindles in 60% of the Plk1, Spo11-Cre 









Figure I.4:  Plk1 cKO oocytes undergo abnormal chromosome compaction 
following NEBD. (A) Chromatin spread preparation of control (on the left, compact) 
and Plk1 cKO (on the right, disperse) oocytes counterstained with DAPI (DNA). 
Scale bar: 10 μm. (B) Quantification of chromatin compaction. 151 oocytes from 
19 control mice and 201 oocytes from 14 Plk1 cKO mice were assessed. Bars 
represent 95% confidence intervals, and the P value (Mann-Whitney test, two-
tailed) for the indicated comparison is significant (P = 0.0027). (C) Chromatin 
spreads of control and Plk1 cKO oocytes immunolabeled with antibodies against 
REC8 (green), and counterstained with DAPI (DNA, purple). Scale bar: 5 μm. (D) 
Quantification of REC8 axis morphology. Oocytes (36) from 11 control mice and 
28 oocytes from 9 Plk1 cKO mice were assessed. Bars represent 95% confidence 
intervals, and the P value (Mann-Whitney test, two-tailed) for the indicated 
comparison is significant (P = 0.02). (E) Chromatin spreads of control and Plk1 
cKO oocytes immunolabeled with antibodies against SMC4 (green), and 
counterstained with DAPI (DNA, purple). Scale bar: 2 μm. (F) Quantification of 
SMC4 axis morphology. Oocytes (40) from 10 control mice and 26 oocytes from 9 
Plk1 cKO mice were assessed. Bars represent 95% confidence intervals, and the 
P value (Mann-Whitney test, two-tailed) for the indicated comparison is significant 















Figure I.5:  Plk1 cKO oocytes form abnormal alpha-tubulin spindle structures 
during meiotic resumption. (A) Examples of control and Plk1 cKO oocytes 
immunolabeled with antibodies against alpha-tubulin (α-TUB, green), and 
counterstained with DAPI (DNA, purple). Scale bar: 10 μm. (B) Quantification of 
alpha-tubulin localization. Oocytes (160) from 18 control mice and 224 oocytes 
from 14 Plk1 cKO mice were assessed. Bars represent 95% confidence intervals, 
and the P value (Mann-Whitney test, two-tailed) for the indicated comparison is 
significant (P = 0.0011). (C) Examples of an average sized control spindle and 
small Plk1 cKO spindles immunolabeled with antibodies against alpha-tubulin (α-
TUB, green), and counterstained with DAPI (DNA, purple). Scale bar: 10 μm. (D) 
Box plot of spindle length from each spindle pole. Oocytes (33) from 9 control mice 
and 35 oocytes from 8 Plk1 cKO mice were assessed. Whiskers represent 
minimum and maximum values, and the P value (Mann-Whitney test, two-tailed) 
for the indicated comparison is significant (P < 0.0001). (E) Box plot of the width of 
each spindle pole. Oocytes (33) from 9 control mice and 35 oocytes from 8 Plk1 
cKO mice were assessed. Whiskers represent minimum and maximum values, 
and the P value (Mann-Whitney test, two-tailed) for the indicated comparison is 





and width (Figure I.5). Therefore, we hypothesized that the regulation of acentriolar 
MTOCs may be perturbed in Plk1, Spo11-Cre cKO oocytes. We first assessed the 
localization of the centrosomal linker protein, C-NAP1. Before NEBD, C-NAP1 
localizes as a dense focus at unfragmented acentriolar MTOCs in control and Plk1, 
Spo11-Cre cKO oocytes (Figure I.6, A and B). In control oocytes, C-NAP1 signal 
diminishes during prometaphase, and alpha-tubulin spindles begin to elongate and 
eventually form a bipolar spindle at metaphase I (Figure I.6A). In contrast, C-NAP1 
remains as a dense focus in Plk1, Spo11-Cre cKO oocytes at prometaphase 
(Figure I.6, B and C). Notably, the prometaphase spindle in Plk1 cKO oocytes 
appears smaller than those in control oocytes. This implies that the defects 
resulting in smaller metaphase spindles are already occurring in prometaphase. 
Fragmentation of MTOCs following meiotic resumption in oocytes requires 
the dissociation of C-NAP1, during NEBD (Clift and Schuh, 2015; Lee and Rhee, 
2011). Therefore, we hypothesized that the aberrancies in C-NAP1 dispersal 
following NEBD (Figure I.6) likely affects MTOC component localization in Plk1, 
Spo11-Cre cKO oocytes. We first assessed gamma-tubulin localization, which is a 
component of acentriolar MTOCs and spindle microtubules (Figure I.7, A and B; 
So et al., 2019). Interestingly, the 44% of Plk1, Spo11-Cre cKO oocytes that had 
bipolar alpha-tubulin spindles lacked gamma-tubulin signals. In addition, 37% of 
Plk1, Spo11-Cre cKO oocytes had monopolar gamma-tubulin signals often with 














Figure I.6:  Plk1 cKO oocytes fail to disperse C-NAP1 following meiotic 
resumption. (A, B) Control (A) and Plk1 cKO (B) oocytes immunolabeled with 
antibodies against C-NAP1 (green) and alpha-tubulin (α-TUB, red), and 
counterstained with DAPI (DNA, blue). Solid squares indicate the source of 
zoomed images on the right. Dotted circles indicate the oocyte outline. Meiotic 
stages were determined based on alpha-tubulin and DAPI staining. Scale bar: 20 
μm. (C) Quantification of C-NAP1 localization in pre-NEBD control (n = 73) and 
Plk1 cKO (n = 107) oocytes, and post-NEBD control (n = 57) and Plk1 cKO (n = 
40) oocytes. Bars represent 95% confidence intervals, and the P value (Mann-
Whitney test, two-tailed) for pre-NEBD was not significant (P = 0.6857), and for 






We then assessed the localization of two components of acentriolar 
MTOCs, CEP192 and NEDD1, in oocytes with bipolar alpha-tubulin spindles. In 
control oocytes, CEP192 and NEDD1 distribute evenly at both alpha-tubulin 
spindle poles (Figure I.7, C–F). A CEP192 signal was absent in the majority (70%) 
of Plk1, Spo11-Cre cKO oocytes (Figure I.7, C and D). Similar results were 
obtained for NEDD1 with 74% of Plk1, Spo11-Cre cKO oocytes not harboring a 
NEDD1 signal (Figure I.7, E and F). These oocytes also had unorganized 
chromosomes, further supporting a chromosome compaction defect. 
The MTOC assembly process is temporally coordinated with the 
organization of the LISD. Aurora A regulates the distribution of the LISD by 
phosphorylating TACC3, a critical LISD component (So et al., 2019). While Aurora 
A localized to the alpha-tubulin spindle poles in control metaphase I oocytes, 
Aurora A was absent in most (78%) of the Plk1 cKO oocytes (Figure I.8, A and B). 
In control oocytes, TACC3 localizes to the bipolar spindle (Figure I.8, C and D). 
However, the majority (78%) of Plk1, Spo11-Cre cKO oocytes did not have a 
TACC3 signal localized to any portion of the spindle. 
Discussion 
Plk1 and NEBD 
PLKs have been associated with many stages of the cell cycle, including NEBD. 
Disassembly of nuclear pore complexes (NPCs) is known to be a key aspect of 
NEBD, required for nuclear envelope permeabilization (Champion et al., 2017). 
PLK-1 in Caenorhabditis elegans and PLK1 in human cells has been shown to 
localize to the nuclear periphery, colocalizing with NPCs during late prophase. Mu-
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tation of PLK-1 or kinase inhibition of mammalian PLK1 results in aberrant NEBD 
because PLK1 is required for phosphorylation of components of the NPC, which 
subsequently results in NPC disassembly (de Castro et al., 2018; Linder et al., 
2017; Martino et al., 2017). 
NEBD is the first stage of meiotic resumption in oocytes. In a previous 
report, PLK1 kinase inhibition in mouse oocytes was shown to delay meiotic 
resumption with regard to NEBD (Solc et al., 2015). Our results contrast this 
observation as NEBD was equivalent between controls and Plk1, Spo11-Cre cKO 
oocytes. However, the delay in NEBD caused by PLK1 kinase inhibition is small 
when comparing to CDK1 inhibition (Solc et al., 2015). PLK1 is known to be 
involved in activation of CDK1 (Jackman et al., 2003), but may not be essential for 
its role in NEBD in oocytes. Taken together, the NEBD role of PLK1 in mammalian 
oocytes is likely minor and does not result in the arrest of meiotic resumption. The 
discrepancy between the findings presented here and PLK1’s previously-reported 
role in NEBD are likely due to off-target effects of PLK1 inhibitors on other PLKs. 
Due to their similar structures, the different PLKs can interact with and compensate 
for each other. Evidence of this has already been observed in the case of PLK2 
and PLK4 in mitotic cells (Cizmecioglu et al., 2008). Therefore, compensation may 
also help explain the discrepancy in the role for PLK1 in NEBD in mouse oocytes. 
Role for PLK1 during chromosome compaction before segregation 
PLK1 has been shown to interact with and phosphorylate components of 
condensin in cultured human cancer cell lines, and these processes are important 
to facilitate proficient chromosome condensation and chromosome segregation 
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(Abe et al., 2011; Kim et al., 2014). In addition, PLK1 contributes to cohesin release 
during G2-phase in mitotically dividing cells, which is important for normal 
chromosome compaction (Haarhuis et al., 2014). In budding yeast, it has been 
shown that the sole PLK homologue, Cdc5, is required for cohesin release, which 
coincides with PLK-dependent compaction of chromosomes before their 
segregation during meiosis I (Attner et al., 2013; Challa et al., 2019; Lee and Amon, 
2003). 
 In mouse oocytes, PLK1 has been shown to accumulate at kinetochores, 
but there is also a PLK1 signal detected along bivalent chromosomes (Solc et al., 
2015). Here, we demonstrate Plk1 cKO causes chromosomes to compact 
abnormally following NEBD, with cohesin and condensin axis formation defects. 
RNAi-mediated depletion or kinase inhibition of PLK1 resulted in delayed 
chromosome individualization after NEBD, with chromosomes remaining clumped 
together (Clift and Schuh, 2015). It was suggested that these observations were 
due to the MTOC fragmentation defects. However, based on previous studies 
linking PLK1 with chromatin dynamics, it is possible that PLK1 plays a direct role 
in the formation of individual bivalents in oocytes. 
PLK1 is essential for acentriolar bipolar spindle formation in oocytes 
Mammalian oocytes do not harbor centrioles, and instead rely on multiple 
acentriolar MTOCs that fragment from one another following NEBD, then 
subsequently coalesce evenly on each side of the condensed bivalents and form 











Figure I.7:  Plk1 cKO oocytes display abnormal localization of MTOC components. 
(A) Examples of control and Plk1 cKO metaphase I oocytes immunolabeled with 
antibodies against gamma-tubulin (γ-TUB, green) and alpha-tubulin (α-TUB, red), 
and counterstained with DAPI (DNA, blue). Scale bar: 10 μm. (B) Quantification of 
gamma-tubulin localization in metaphase I oocytes. Oocytes (133) from 3 control 
mice and 100 oocytes from 3 Plk1 cKO mice were assessed. Bars represent 95% 
confidence intervals, and the P value (Mann-Whitney test, two-tailed) for the 
indicated comparison is significant (P < 0.0001). (C) Examples of control and Plk1 
cKO oocytes immunolabeled with antibodies against MTOC component, CEP192 
(green), and alpha-tubulin (α-TUB, red), and counterstained with DAPI (DNA, 
blue). (D) Quantification of CEP192 localization. Oocytes (57) from 3 control mice 
and 47 oocytes from 3 Plk1 cKO mice were assessed. Bars represent SD, and the 
P value (Mann-Whitney test, two-tailed) for the indicated comparison is significant 
(P = 0.0012). (E) Examples of control and Plk1 cKO oocytes immunolabeled with 
antibodies against MTOC component, NEDD1 (green), and alpha-tubulin (α-TUB, 
red), and counterstained with DAPI (DNA, blue). (F) Quantification of NEDD1 
localization. Oocytes (25) from 5 control mice and 21 oocytes from 5 Plk1 cKO 
mice were assessed. Bars represent 95% confidence intervals, and the P value 

















Figure I.8:  Plk1 oocytes display abnormal localization of LISD components. (A) 
Examples of control and Plk1 cKO metaphase I oocytes immunolabeled with 
antibodies against alpha-tubulin (α-TUB, red) and Aurora A (green), and 
counterstained with DAPI (DNA, blue). Scale bar: 10 μm. (B) Quantification of 
Aurora A localization in metaphase I oocytes. Oocytes (137) from 2 control mice 
and 37 oocytes from 3 Plk1 cKO mice were assessed. Bars represent 95% 
confidence intervals, and the P value (Mann-Whitney test, two-tailed) for the 
indicated comparison is significant (P = 0.0005). (C) Examples of control and Plk1 
cKO oocytes immunolabeled with antibodies against LISD component, TACC3 
(green), and alpha-tubulin (α-TUB, red), and counterstained with DAPI (DNA, 
blue). (D) Quantification of TACC3 localization. Oocytes (52) from 3 control mice 
and 37 oocytes from 3 Plk1 cKO mice were assessed. Bars represent 95% 
confidence intervals, and the P value (Mann-Whitney test, two-tailed) for the 





in oocytes using siRNA and kinase inhibition approaches, we demonstrated that 
PLK1 is required for spindle integrity to ensure the formation of normal bipolar 
spindles capable of facilitating chromosome segregation during meiosis I (Clift and 
Schuh, 2015; Liao et al., 2018; Solc et al., 2015). Furthermore, using the Plk1 cKO 
strategy, we complemented previous RNAi and kinase inhibitor approaches that 
showed that PLK1 is required for C-NAP1 dissociation during NEBD, which is 
critical for fragmentation of MTOC components (Clift and Schuh, 2015). In mitosis, 
both C-NAP1 dissociation and centrosome separation are initiated by PLK1 
(Mardin et al., 2011), demonstrating that although oocytes are acentriolar the 
importance of PLK1 in bipolar spindle formation is universal. 
We showed that PLK1 is required for normal localization of acentriolar 
MTOC components gamma-tubulin, CEP192, and NEDD1. We observed a 
complete absence of gamma-tubulin at MTOCs in the majority of Plk1 cKO 
oocytes, which is consistent with the observations made when PLK1 kinase activity 
was inhibited (Solc et al., 2015). With regard to CEP192, we mostly observe a 
complete absence of the protein to MTOCs, whereas PLK1 inhibition led to 
monopolar localization of CEP192 (Clift and Schuh, 2015). The effects of PLK1 
functional loss on NEDD1 had not previously been assessed in oocytes. However, 
in human cell lines PLK1 phosphorylates NEDD1 and increases its anchoring 
capacity for gamma-tubulin onto centrosomes (Zhang et al., 2009). The formation 
of an abnormally small spindle in Plk1 cKO oocytes may be due to an alternative 
microtubule assembly pathway. Prior studies have shown that kinetochore-
dependent microtubule assembly may compensate for the loss of canonical 
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centrosomes in mammalian cells (Mishra et al., 2010; Prosser and Pelletier, 2017). 
It is possible that such a pathway explains the presence of alpha-tubulin in oocytes 
without gamma-tubulin, as observed in our work and others (Solc et al., 2015). 
Research in mammalian mitotic cells has demonstrated that microtubules can be 
nucleated and emanated from kinetochores when PLK1 is depleted (Torosantucci 
et al., 2008). These kinetochore-based microtubules, driven by the RanGTP 
gradient, can organize themselves into spindle poles. This may explain the un-
stable bipolar spindles observed in Plk1 cKO oocytes. 
A recent, comprehensive study of factors required for bipolar spindle 
formation in oocytes discovered that TACC3 is a major component of a novel LISD 
(So et al., 2019). The same study presented that Aurora A kinase, but not PLK1 
kinase activity, is required for LISD maintenance. These experiments were 
designed to inhibit PLK1 and Aurora A at metaphase I stage oocytes, which is 
different from our experimental design using Plk1 cKO oocytes. In mitotic cells, 
Aurora A and PLK1 are known to reciprocally activate each other throughout the 
cell cycle to regulate spindle assembly (Asteriti et al., 2015; Joukov and De Nicolo, 
2018). Our results indicate that PLK1 does indeed play a role in LISD maintenance 
upstream of Aurora A. This is further supported by the observation that Aurora A 
and TACC3 are not recruited to the spindle in Plk1 cKO oocytes. In support of our 
observations, a study using human cell lines determined that PLK1 inhibition 
resulted in down-regulation of TACC3 targeting to mitotic spindles (Fu et al., 2013). 
Taken together, our results show that PLK1 activity is required for C-NAP1 
dissociation, normal acentriolar MTOC fragmentation, and localization of MTOC 
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and LISD components that are important to ensure formation of a bipolar spindle 
(Figure I.9). These processes are critical for an oocyte to progress through meiosis 
I and be capable of fertilization, demonstrating that PLK1 is essential for female 
fertility in mammals. 
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Figure I.9: PLK1 regulates chromosome condensation, MTOC fragmentation, and 
LISD recruitment in mammalian oocytes. In control oocytes, PLK1 is responsible 
for dissociating C-NAP1 immediately after meiotic resumption. This allows MTOC 
components to fragment and then coalesce evenly on both sides of the condensed 
bivalents and form bipolar spindles. As oocytes enter metaphase, PLK1 is required 
for the recruitment of Aurora A (AURKA) to the MTOC and bipolar spindle. Aurora 
A then recruits TACC3, the major component of the LISD. In Plk1 cKO oocytes, 
chromosomes do not properly condense following meiotic resumption. 
Furthermore, C-NAP1 is not dissociated in an efficient manner in Plk1 cKO 
oocytes. This leads to MTOC (γ-tubulin, CEP192, and NEDD1) and LISD (Aurora 
A and TACC3) components failing to localize and cluster, and results in MTOC 
failure and abnormal spindle formation. Microtubules that do polymerize in Plk1 
cKO oocytes form a small, abnormal metaphase spindle, which is likely driven by 
a kinetochore-dependent microtubule assembly pathway (Torosantucci et al., 
2008; Prosser and Pelletier, 2017). Ultimately, the defects observed in Plk1 cKO 
















Supplemental Figure I.1: (A-D) Western blot analysis of PLK1 protein levels in 
extracts obtained from Plk1 flox/del; Zp3-Cre (A), Plk1 flox/del; Gdf9-Cre (B), and 
Plk1 flox/del; Spo11-Cre (C and D) oocytes. Protein size (kDa) and number of 














CCATCTGCCACCAGCCAG TCGCCATCTTCCAGCAGG 420 
Cre Internal 
Control 
ACTGGGATCTTCGAACTCTTTGGAC GATGTTGGGGCACTGCTCATTCACC 281 
Supplemental Table I.1: Primers used in this study. 
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Supplemental Table I.2: Antibodies used in this study. 
  
Antibody Host Source Cat. Number IF Dilution WB Dilution
alpha-tubulin Goat LS Bio LS-C204216 1:500
alpha-tubulin Mouse Sigma-Aldrich T9026 1:1000 1:10,000
alpha-tubulin Rabbit Thermo Scientific PA5-29444 1:500
Aurora A Mouse Thermo Scientific MA5-15803 1:200
centromere Human Antibodies Inc. 15-235 1:100
CEP192 Goat Dr. Andrew Holland 1:500
C-NAP1 Rabbit Proteintech Group 14498-1-AP 1:100
gamma-tubulin Mouse Sigma-Aldrich T6557 1:1000
NEDD1 Mouse Abcam ab57336 1:750
PLK1 Mouse Abcam ab17057 1:100
PLK1 Rabbit Genetex GTX104302 1:100 1:5000
REC8 Rabbit Dr. Karen Schindler 1:1000
SMC4 Rabbit Novus Biologicals NBP1-86635 1:50
SYCP3 Mouse Santa Cruz Biotech sc-74569 1:50
SYCP3 Rabbit Novus Biologicals NB300-231 1:1000
TACC3 Rabbit Novus Biologicals NBP2-67671 1:50
Antibody Host Source Cat. Number IF Dilution WB Dilution
Mouse IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11001 1:500
Mouse IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11031 1:500
Rabbit IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11008 1:500
Rabbit IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11011 1:500
Human IgG (H+L), Alexa Fluor 633 Goat Invitrogen A-21091 1:500
Goat IgG (H+L) Alexa Fluor 488 Donkey Invitrogen A-11055 1:500
Goat IgG (H+L) Alexa Fluor 568 Donkey Invitrogen A-11057 1:500
Goat IgG (H+L) Alexa Fluor 633 Donkey Invitrogen A-21082 1:500
Mouse IgG (H+L), HRP Rabbit Invitrogen 31450 1:20,000





  Offspring genotype distribution 
Breeding pairs Plk1 +/+ Plk1 +/flox Plk1 +/del Total 
♀ Plk1 +/flox, Zp3-Cre 44% 0% 56% 
143 pups  
x ♂wild-type  (63 pups)  (0 pups) (80 pups) 
♀ Plk1 +/flox, Spo11-Cre 46% 10% 44% 
144 pups 
x ♂ wild-type  (67 pups)  (14 pups) (63 pups) 
Supplemental Table I.3: Cre driver efficiency of Zp3-Cre and Spo11-Cre for 
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Chapter II 
PLK4 localizes to the centrioles in mouse spermatocytes 
Tara M. Little, Jingwen Xu and Philip W. Jordan 
 
Abstract 
 The principal goal of meiosis is to divide the genome of one diploid cell into 
four haploid gametes. To accomplish this, eukaryotic organisms have evolved to 
utilize a complex set of centriolar proteins. The centrosomes are responsible for 
initiating microtubule nucleation and driving the division of chromatin. In mammals, 
oocytes undergo acentriolar meiosis and instead rely on microtubule organizing 
centers (MTOCs) to control division. Polo-Like Kinase 4 (PLK4) is known to be 
critical for centriole formation in mammalian mitosis. Prior studies of both 
spermatocytes and oocytes have implied that PLK4 functions during meiosis, 
although its role in this context remains unknown. In oocytes, prior work has shown 
that PLK4 localizes to the MTOCs. To further assess PLK4’s localization in 
spermatocytes, we utilized a mCherry-Plk4 conditional overexpression mouse. 
This tagged transgenic protein allowed us to visualize PLK4 localizing to the 
centrioles of spermatocytes starting in prophase and continuing into metaphase. 
This observation further supports the belief that PLK4 plays a role in centriole 




 Centrosomes, which drive microtubule organization during cellular division, 
consist of a pair of centrioles surrounded by a pericentriolar matrix. Pairs of 
centrioles are held together by linker proteins. Mitotic centriole biogenesis is 
temporally coordinated with the cell cycle (Figure II.1A) (Arquint et al., 2012; 
Riparbelli et al., 2020; Rodrigues-Martins et al., 2008). 
Mitotic centriole biogenesis is initiated at the start of S phase. A cartwheel 
structure consisting of nine spokes is assembled at the proximal end of the mother 
centriole (Arquint and Nigg, 2016). This initial structure will then serve as a scaffold 
on which the highly conserved nine-fold centriole structure is built on during both 
S and G2 phases. It is critical that this early cartwheel scaffold is correctly anchored 
to the mother centriole. Polo-like kinase 4 (PLK4) has been shown to 
phosphorylate STIL, which in turn anchors the forming cartwheel to the correct site. 
(Arquint and Nigg, 2016; Arquint et al., 2012; Moyer and Holland, 2019).  
PLK4 activity is critical in mitosis. PLK4 overexpression results in excessive 
centriole formation (Habedanck et al., 2005), while depletion results in cells failing 
to duplicate their centrioles (Bettencourt-Dias et al., 2005). Prior research has 
shown that the homozygous expression of a point mutation in the kinase domain 














Figure II.1: Centriole duplication is aligned with the cell cycle. Centrosomes 
consist of a linked pair of centrioles (green) surrounded by a pericentriolar matrix 
(pink). (A) In mitotic cells, each centriole pair will begin to separate in G1 as the 
centriolar linker starts to dissolve. In S phase, new daughter centrioles are 
nucleated at the base of each original mother centriole. The daughter centrioles 
are extended in G2, and the linker between the original two mother centrioles is 
fully dissolved. At metaphase, the fully matured centrosomes have migrated to 
the two spindle poles. (B) At the start of meiosis, centrosomes consist of tightly 
linked centrioles. In leptonema, these centrioles begin to separate. Each of the 
original mother centrioles serves as a nucleation site for the formation of a 
daughter centriole. Throughout the remainder of prophase, the daughter 
centrioles are extended. By prometaphase, the linker between the two mother 
centrioles is fully dissolved, and the now-separate centrosomes can migrate to 









 The steps of centriole biogenesis in spermatocytes are similar to those in 
mitosis, but the timing is different (Figure II.1B). Spermatocyte centrioles must 
duplicate twice to accommodate both meiotic divisions (Gall, 1961; Loncarek et 
al., 2007). Meiotic centrioles are nucleated as spermatocytes transition from late 
leptonema into zygonema. The daughter centrioles are extended in pachynema. 
By late prometaphase, the centrosomes are fully matured and begin migrating to 
the spindle poles.  
Spermatocytes also face a unique challenge involving the X-Y sex 
chromosomes. Spermatocytes confine the X and Y chromosomes separately from 
the autosomal chromosomes, creating a heterochromatin domain known as the 
sex body (Handel, 2004). By tightly regulating this subcellular domain, 
spermatocytes can prevent transcriptional activity and better manage X-Y pairing 
and DNA repair. 
The roles of PLK4 in meiosis have not been as well-studied as in mitosis.  
Prior research has utilized an ENU-induced PLK4 mutation, consisting of a single 
point mutation in the kinase domain (Harris et al., 2011). Heterozygous male mice 
harboring this mutation undergo partial germ cell loss, suggesting a role in early 
spermatogenesis. 
Mammalian meiosis is unique due to its sexual dimorphism, in both timing 
and organization. Oocytes maintain a prolonged dictyate arrest, during which 
meiotic proteins must be maintained (Nagaoka et al., 2012; Schatten and Sun, 
2015; Webster and Schuh, 2017). While spermatogenesis utilizes canonical 
centrioles, mammalian oocytes instead rely on MTOCs consisting of 
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pericentrosomal proteins (Baumann et al., 2017; Clift and Schuh, 2015; Lee et al., 
2017; Ma et al., 2017). Oocytes also utilize a LISD, a complex of proteins that 
stabilize the acentriolar spindle (So et al., 2019). This dimorphism suggests that 
mammalian PLK4 may having differing roles in spermatocytes compared to 
oocytes. 
 Anti-PLK4 antibodies are often inconsistent and unreliable for 
immunofluorescence microscopy and protein expression studies. Prior research 
into the role of PLK4 in mammalian meiosis have relied on localization studies 
using either tagged mRNA or lab-developed antibodies. These studies have shown 
that PLK4 localizes to the cytoplasm and to the MTOCs in oocytes (Bury et al., 
2017; Luo and Kim, 2015). Prior studies of mouse spermatocytes have shown that 
PLK4 localizes to the centrioles and sex body (Jordan et al., 2012). 
 The development of an mCherry-Plk4 overexpression transgenic mouse 
line has allowed for further research into the localization and roles of PLK4 (Basto 
et al., 2006). This line was initially used to report on the impact of PLK4 
overexpression in mouse brain development. More recently, it has been shown 
that the mCherry-PLK4 protein localizes to MTOCs during oogenesis (Manil-
Ségalen et al., 2018). 
 To further study the localization of PLK4, we utilized the mCherry-Plk4 
overexpression transgenic mouse line in both oocytes and spermatocytes. We 
confirm the localization of the overexpressed mCherry-PLK4 to oocyte MTOCs, 
and present novel findings of its localization to centrioles in spermatocytes. 
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Materials and Methods 
Ethics Statement 
All mice were bred at Johns Hopkins University (JHU, Baltimore, MD) in 
accordance with the National Institutes of Health and U.S. Department of 
Agriculture criteria. Protocols for their care and use were approved by the 
Institutional Animal Care and Use Committees of JHU. 
Mice 
 Tg(mChPlk4) mice were acquired from the Curie Institute (Paris, France) 
(Marthiens et al., 2013). 
 Hemizygous Tg(mChPlk4) male mice were bred to mice harboring the Cre 
transgenes that are specifically expressed in germ cells – Spo11-Cre (C57BL/6-
Tg Spo11-cre)1Rsw/PecoJ) and Hspa2-Cre (C57BL/6-Tg Hspa2-Cre)1Eddy). 
This resulted in progeny hemizygous for both the mCherry-Plk4 transgene and 
the germ cell-specific Cre transgene. 
PCR genotyping 
 Primers used are described in Supplemental Table II.1. PCR conditions: 
90°C for 2 min; 30 cycles of 90°C for 20 s, 58°C for annealing, 72°C for 1 min. 
Oocyte harvesting and culture 
 Oocytes were prepared as previously described in Chapter I of this thesis. 
Histological analyses 
 For testes to bodyweight ratio measurements, male mice were weighed 
prior to dissection. After the body weight measurement was recorded, testes were 
harvested. The fat surrounding the testes was trimmed as much as possible 
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without damaging the testes tissue. Both testes were weighed separately, and 
those weights were averaged for each mouse. 
Tubule squash preparation 
 Tubule squashes were performed as previously described (Wellard et al., 
2018). Briefly, minced seminiferous tubules were fixed in a 2% paraformaldehyde 
solution. Tubule fragments were placed on a slide and squashed, then frozen in 
liquid nitrogen. Slides were washed in PBS and immediately immunostained. 
Chromatin spread analyses 
 Spermatocyte chromatin spreads were prepared as previously described 
Briefly, spermatocytes were incubated in a hypotonic solution and then burst open 
by being dropped onto slides. 
Microscopy and analyses 
 Immunofluorescence microscopy slide preparations and analyses were 
performed as previously described (Hwang et al., 2018b). Primary and secondary 
antibodies used, and dilutions are listed in Supplemental Table II.2.  
  Meiotic substages of spermatocyte chromatin spreads were determined 
visually using SYCP3 morphology. 
 Graph preparation and statistical analysis was performed using GraphPad 
Prism (GraphPad Software). The number of samples used for each quantification 





Results and Discussion 
mCherry-PLK4 localizes to the MTOCs of oocytes 
 To determine the localization of PLK4, we used a conditional 
overexpression Tg(mChPlk4) allele (Figure II.2A, see Materials and Methods). 
Breeding hemizygous Tg(mChPlk4) mice to mice expressing a Cre recombinase 
resulted in offspring with constitutive overexpression of the mCherry-Plk4 allele. 
We used Spo11-Cre, a germ cell-specific Cre transgene. Spo11-Cre is expressed 
in early prophase, as previously described in Chapter I.  
 We first assessed the localization of mCherry-PLK4 in oocytes. As 
previously reported (Manil-Ségalen et al., 2018), mCherry-PLK4 localizes to the 
chromosomes and MTOCs in prophase I (after meiotic resumption) and 
metaphase I, respectively (Figure II.2B). mCherry-PLK4 forms a disperse 
localization pattern around the chromatin in prometaphase following meiotic 
resumption. By metaphase I, mCherry-PLK4 has condensed to either side of the 
metaphase plate at the spindle poles. Notably, mCherry-Plk4; Spo11-Cre oocytes 
were frequently appeared to have more than one metaphase plate in metaphase 
I, with four mCherry-PLK4 foci. This is likely due to the overexpression of PLK4 
resulting in the overduplication of MTOCs.  
mCherry-PLK4 localizes to the centrioles of spermatocytes 
 We next assessed the localization of mCherry-PLK4 in spermatocytes. 
Pairing the mCherry-Plk4 allele with Spo11-Cre was not appropriate to study PLK4 
localization in spermatocytes. mCherry-Plk4; Spo11-Cre males developed testes 















Figure II.2: mCherry-PLK4 localizes to the MTOCs in oocytes. (A) Schematic of 
mCherry-Plk4 transgene before and after Cre recombinase expression. A stop 
codon directly upstream of the transgene, flanked by loxP sites, is excised in the 
presence of a Cre. (B) Control and mCherry-Plk4 oocytes immunolabeled with 
antibodies against mCherry (green) and counterstained with DAPI (DNA, blue). 





prophase (Figure II.3A). Further analysis of chromosome spreads taken from these 
males revealed that the spermatocytes were not progressing past leptotene stage 
(Figure II.3B and C). We attributed this early arrest to the overexpression of 
mCherry-PLK4 starting in early leptotene stage. It is likely that higher levels of 
PLK4 resulted in the premature duplication of centrioles, triggering an arrest.  
  To solve this problem, we instead utilized Hspa2-Cre. Hspa2-Cre is a male-
specific Cre expressed in mid-prophase (Hwang et al., 2018a; Inselman et al., 
2010).Tubule squashes from mCherry-Plk4; Hspa2-Cre males revealed that 
mCherry-PLK4 localizes as pairs of foci that migrate to the spindle poles in 
metaphase I (Figure II.4). Based on the localization of these foci, we hypothesized 
that mCherry-PLK4 is localizing to the centrioles. The co-localization of mCherry 
to CEP192, a known centrosomal protein, supports this hypothesis. In prophase, 
mCherry-PLK4 is visible on each of the two centrioles. By metaphase I, those 
centrioles have undergone a round of duplication, with mCherry-PLK4 localizing to 
each pair at the spindle poles. 
Future Directions and Preliminary Conclusions 
Future Directions 
 We will continue to evaluate the localization of mCherry-PLK4 in these mice. 
Preliminary results suggest that PLK4 may be localizing to the centrioles in 
prophase I and metaphase I spermatocytes. Further analysis is needed to confirm 















Figure II.3: (A) Quantification of testes to body weight ratio of control and 
mCherry-Plk4; Spo11-Cre males. Mean and SD of each column are represented 
by the black bars. Numbers at the base of each bar indicate the number of mice 
counted for each genotype. (B) Chromosome spreads of control and mCherry-
Plk4; Spo11-Cre spermatocytes, immunolabeled with antibodies against 
centromeres/kinetochores (CEN, purple) and SYCP3 (green), counterstained 
with DAPI (DNA, blue). Scale bars: 10 μm. (C) Quantification of meiosis I stages 
of spermatocytes harvested from 16 dpp males. One control mouse and 2 
mCherry-Plk4; Spo11-Cre mice were assessed, with 100 spermatocytes counted 





visually confirm that mCherry-PLK4 is colocalizing with centriolar machinery. While 
previous research has suggested that PLK4 localizes to spermatocyte centrioles 
(Harris et al., 2011; Jordan et al., 2012), this will be the first work to conclusively 
show colocalization of PLK4 and centriolar components. 
 Spermatocytes face the unique challenge of transcriptionally silencing the 
X-Y chromosome pair during meiosis. This is done by compartmentalizing the sex 
chromosomes into a nuclear subdomain, known as the sex body (Fernandez-
Capetillo et al., 2003; Handel, 2004). Analysis of wildtype spermatocytes using 
anti-PLK4 antibodies has indicated that PLK4 localizes to the sex body (Jordan et 
al., 2012). We plan to utilize these mCherry-Plk4 males to further investigate this 
localization, independently of anti-PLK4 antibodies. 
Moving forward, we also plan to assess mCherry-Plk4; Hspa2-Cre males 
for meiotic defects. Any abnormal phenotype found in these mice may be 
informative as to what role PLK4 has during spermatogenesis. To accomplish this, 
we first plan to carry out fertility tests of these males. This will inform us whether 
spermatogenesis is progressing through to completion. We will also assess testes 
development by measuring testis to bodyweight ratios at varying ages. Any 
decrease in testes size compared to control littermates is indicative of meiotic 
defects, and the age at which that size difference begins can indicate when those 
defects are occurring. Histological analysis of testes cross-sections may also 
reveal the occurrence and timing of any defects.  
We plan to utilize the tagged PLK4 protein to further determine interacting 















Figure II.4: mCherry-PLK4 localizes to the centrioles of spermatocytes 
throughout meiosis I. Tubule squashes of control and mCherry-Plk4 
spermatocytes immunolabeled with antibodies against mCherry (red), SYCP3 
(green), CEP192 (white), and counterstained with DAPI (DNA, blue). Boxes 
indicate centrosomes in zoomed images below. Arrows indicate the other 







via mCherry-based immunoprecipitation (MacLennan et al., 2017; Willett et al., 
2017). We plan to utilize a similar approach in combination with mass spectrometry 
to identify proteins that are co-immunoprecipitated with mCherry-PLK4. 
The mCherry-PLK4 transgene can also be used to determine PLK4’s later 
meiotic localization. Anti-mCherry antibodies will be used to track PLK4 localization 
throughout the later stages of both spermatogenesis and oogenesis, as well as 
immediately after fertilization. Based on the data presented here, we anticipate that 
PLK4 will continue to localize to the centrioles and MTOCs during meiosis II in 
spermatocytes and oocytes, respectively.  
 A caveat to this experimental approach is that the constitutive 
overexpression of mCherry-PLK4 may result in localization outside of what would 
be seen in a cell with wildtype PLK4 levels. To determine whether this is the case, 
we will be quantifying PLK4 levels in mCherry-Plk4 mice compared to controls. 
Additionally, any localization or proposed roles resulting from this model will be 
confirmed using a Plk4 cKO approach. 
Preliminary Conclusions 
 PLK4 is known to play a vital role in mitotic centriolar cartwheel formation 
(Arquint and Nigg, 2016; Arquint et al., 2012; Harris et al., 2011; Moyer and 
Holland, 2019). Prior meiotic studies have shown that PLK4 localizes to the 
MTOCs of oocytes (Bury et al., 2017; Luo and Kim, 2015; Manil-Ségalen et al., 
2018). Our work independently confirms these results. Our observation of multiple 
spindles in mCherry-Plk4; Spo11-Cre oocytes additionally implies that PLK4 
influences MTOC duplication and organization. 
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 The localization of PLK4 in spermatocytes has not been well-studied in 
previous research. Our preliminary results indicate that mCherry-PLK4 localizes to 
the centrioles starting in prophase and continuing into metaphase I. Prior research 
has shown that the mutation of Plk4 results in spermatocyte death (Harris et al., 
2011). However, more work is needed to determine the role of PLK4 in 
spermatogenesis. 
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Gene Forward Primer (5'-…..-3') Reverse Primer (5'-…..-3') Product 
Size (bp) 




CAAATGTTGCTTGTCTGGTG GTCAGTCGAGTGCACAGTTT 1012 
Cre Transgene CCATCTGCCACCAGCCAG TCGCCATCTTCCAGCAGG 420 
Cre Internal 
Control 
ACTGGGATCTTCGAACTCTTTGGAC GATGTTGGGGCACTGCTCATTCACC 281 





Table II.2: Antibodies used in this study.  
Antibody Host Source Cat. Number IF Dilution
centromere Human Antibodies Inc. 15-235 1:100
mCherry Mouse Sigma-Aldrich SAB2702291 1:500
SYCP3 Mouse Santa Cruz Biotech sc-74569 1:50
SYCP3 Rabbit Novus Biologicals NB300-231 1:1000
Antibody Host Source Cat. Number IF Dilution
Mouse IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11001 1:500
Mouse IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11031 1:500
Rabbit IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11008 1:500
Rabbit IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11011 1:500
Human IgG (H+L), Alexa Fluor 633 Goat Invitrogen A-21091 1:500
Goat IgG (H+L) Alexa Fluor 488 Donkey Invitrogen A-11055 1:500
Goat IgG (H+L) Alexa Fluor 568 Donkey Invitrogen A-11057 1:500
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The roles of PLK4 and SAS4 in mammalian meiosis 
Tara M. Little, Jingwen Xu and Philip W. Jordan 
 
Abstract 
 The tightly controlled duplication of centrioles is a critical step in cell division. 
Both Polo-Like Kinase 4 (PLK4) and SAS4 (also known as CENPJ or CPAP) are 
known to be essential for the proper regulation of centriole biogenesis in mitosis. 
Preliminary studies have shown that PLK4 localizes to both the centrioles and 
microtubule organizing centers (MTOCs) in mammalian germ cells, although its 
role in meiosis is not clearly understood. SAS4 is known to be a critical structural 
component of mitotic centrioles but has not been as well studied in mammalian 
meiosis. To better understand the roles of PLK4 and SAS4, we utilized Plk4 and 
Sas4 conditional knockout (cKO) mouse lines. This approach allows us to evaluate 
the effects of PLK4 and SAS4 depletion on mammalian oocytes and 
spermatocytes. Our results indicate that Plk4 cKO testes are undersized, while 
Sas4 cKO spermatocytes fail to properly duplicate their centrioles. Preliminary 
results indicate that Plk4 and Sas4 cKO oocytes successfully organize their 




 In most cell types, centrioles are responsible for driving the formation of the 
metaphase spindle. Therefore, the proper regulation of centrioles is critical to 
ensure that division occurs correctly. Mitotic centrosome defects can lead to 
genome instability, microcephaly, or cancer (Bazzi and Anderson, 2014; 
Marjanović et al., 2015; Marthiens et al., 2013; Pihan, 2013; Rodrigues-Martins et 
al., 2008). Centriolar components and regulators have been shown to be essential 
for spermatogenesis in both Drosophila melanogaster and mouse models 
(Bettencourt-Dias et al., 2005; Harris et al., 2011). 
 As described in Chapter 2, centriole duplication and division is temporally 
regulated with the meiotic cell cycle (Nigg, 2007; Rodrigues-Martins et al., 2008; 
Sumiyoshi et al., 2002). The ways in which this process is regulated in 
spermatocytes are not well understood. 
 Mammalian oocytes are unique in that they undergo acentriolar division 
(Simerly et al., 2018). Oocytes instead rely on microtubule organizing centers 
(MTOCs) consisting of pericentrosomal material and a liquid-like spindle domain 
(LISD) that stabilizes the acentriolar spindle (So et al., 2019). MTOCs are linked 
together during the dictyate arrest, and separate following nuclear envelope 
breakdown. Once freed, the MTOCs organize themselves into two poles, from 
which the microtubules will emanate during metaphase (Baumann et al., 2017; Clift 
and Schuh, 2015; Lee et al., 2017; Ma et al., 2017). As described in Chapter II, 
spermatocytes must reconcile the challenge of regulating the sex body. The 
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difference in mechanisms between oogenesis and spermatogenesis present the 
possibility of unique regulation pathways. 
 A symmetrical cartwheel structure, consisting of scaffolding proteins, forms 
the basis of centrioles (Hirono, 2014; Yoshiba et al., 2019). At the start of centriole 
biogenesis, this cartwheel is constructed at the base of the original mother 
centriole. PLK4 has been shown to regulate this process during mitosis by 
phosphorylating STIL, which in turn initiates cartwheel assembly and attaches the 
forming cartwheel structure to the centriole wall (Arquint and Nigg, 2016; Arquint 
et al., 2012; Moyer and Holland, 2019). PLK4 has been shown to localize to the 
centriole in mouse spermatocytes (Jordan et al., 2012), as well as to MTOCs in 
oocytes (Bury et al., 2017).  
Previous research has shown that a single homozygous missense mutation 
in the kinase domain of PLK4 is embryonically lethal (Harris et al., 2011). In 
heterozygous males, this I242N mutation results in reduced testes weight 
beginning at 10 dpp. Histological analysis revealed that this weight reduction was 
due to patchy germ cell loss, with some tubules containing only Sertoli cells. At this 
age, the first wave of spermatocytes are undergoing prophase I (Oakberg, 1956).  
Germ cell loss at this stage suggests defects in the initial stages of prophase – 
possibly in DNA repair, chromosome condensation, synapsis, or early centriole 
biogenesis. Despite these findings, PLK4’s roles in mammalian meiosis are not 
fully understood. 
 SAS4, named for its spindle assembly phenotype, was initially discovered 
in Saccharomyces cerevisiae (Xu et al., 1999). Later studies showed that SAS4 
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was required for centriole duplication in Caenorhabditis elegans (Kirkham et al., 
2003). SAS4 depletion in Drosophila melanogaster, resulted in successful, 
acentriolar mitosis but failed meiosis (Riparbelli and Callaini, 2011). In humans, 
Sas4 mutations can result in microcephaly from mitotic defects during 
neurogenesis (Verloes et al., 1993). SAS4 mutations have also been attributed to 
the development of cancer phenotypes (Leidel and Gönczy, 2003; Xu et al., 1999). 
Mitotic SAS4 depletion is embryonically lethal due to a failure to properly organize 
tubulin, resulting in apoptosis (Bazzi and Anderson, 2014). SAS4 is a critical 
regulator of mammalian centriole formation. At the start of mitotic centriole 
biogenesis, the initial cartwheel base of the daughter centriole must be docked at 
the base of the mature mother centriole. SAS4 serves as a scaffolding protein that 
builds on the new centriole base immediately after docking. SAS4 localizes on the 
outside of the cartwheel structure and recruits outer centriole components which 
in turn will organize tubulin (Gopalakrishnan et al., 2011; Kuriyama, 2009; Leidel 
and Gönczy, 2003). SAS4 has not been previously studied within the context of 
mammalian meiosis. 
 To better understand the roles of PLK4 and SAS4 in mammalian meiosis, 
we plan to utilize Plk4 cKO and Sas4 cKO mouse models. By using these germ 
cell-specific models, we will be able to examine the effects of PLK4 and SAS4 
depletion in both oocytes and spermatocytes. We hope that this approach reveals 
the mechanisms through which these proteins regulate meiosis. Our preliminary 
results confirm that both PLK4 and SAS4 are essential for spermatogenesis. 
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Further studies are needed to evaluate potential roles in oogenesis, although 
SAS4 does not appear to be essential for acentriolar division. 
Materials and Methods 
Ethics Statement 
All mice were bred at Johns Hopkins University (JHU, Baltimore, MD) in 
accordance with the National Institutes of Health and U.S. Department of 
Agriculture criteria. Protocols for their care and use were approved by the 
Institutional Animal Care and Use Committees of JHU. 
Mice 
 Plk4 flox mice were generated using CRISPR/Cas9-mediated 
editing. Guide DNA sequencings targeting either end of exon 5 of Plk4 were used 
for mESC injection, along with a loxP repair template. mESCs were then 
microinjected into C57BL/6JN blastocysts and transferred into pseudo-pregnant 
females. Heterozygous Plk4 flox progeny were confirmed by sequencing. 
Heterozygous Plk4 flox males and females were bred together to produce Plk4 
flox/flox offspring.Plk4 flox/flox mice were bred to mice harboring germ-cell specific 
Cre transgenes - Spo11-Cre (C57BL/6-Tg Spo11-cre)1Rsw/PecoJ), Stra8-Cre 
(C57BL/6-Tg Stra8-cre)1Reb/LguJ), and Zp3-Cre (C57BL/6-Tg Zp3-cre)93Knw to 
produce Plk4 +/flox; Cre offspring. These mice were then bred to Plk4 flox/flox 
mice, resulting in Plk4 cKO (Plk4 flox/del; Cre) and control (Plk4 +/flox) genotypes. 
Sas4 flox mice were acquired from the Memorial Sloan-Kettering Cancer 
Center (New York, NY) (Bazzi and Anderson, 2014).  
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Heterozygous Sas4 flox mice were mated to produce homozygous Sas4 
flox/flox mice. These homozygous offspring were then mated to mice harboring 
meiotic-specific Cre transgenes - Spo11-Cre (C57BL/6-Tg(Spo11-
cre)1Rsw/PecoJ), Stra8-Cre (C57BL/6-Tg(Stra8-icre)1Reb), and Zp3-Cre 
(C57BL/6-Tg Zp3-cre)93Knw - to produce Sas4 +/flox; Cre offspring. These mice 
were then bred to Sas4 flox/flox mice to produce Sas4 cKO (Sas4 flox/del; Cre) 
and control (Sas4 +/flox) genotypes. 
PCR genotyping 
 Primers used are described in Supplemental Table III.1. PCR conditions: 
90°C for 2 min; 30 cycles of 90°C for 20 s, 58°C for annealing, 72°C for 1 min. 
Histological analyses 
 Testes to bodyweight ratio measurements were obtained as described in 
Chapter II. For H&E staining, testis tissues were fixed in bouins fixative, then 
embedded in paraffin. Sections were cut to a thickness of 5 microns and placed 
onto slides. Slides were then stained with hematoxylin and eosin. 
Tubule squash preparation 
 Tubule squashes were performed as previously described in Chapter II 
(Wellard et al., 2018). 
Chromatin spread analyses 
 Spermatocyte chromatin spreads were prepared as previously described in 
Chapter 2. 
Oocyte harvesting and culture 
 Oocytes were collected as described in Chapter 1. 
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Microscopy and analyses 
 Immunofluorescence microscopy slide preparations and analyses were 
performed as previously described (Hwang et al., 2018b). Primary and secondary 
antibodies used, and dilutions are listed in Supplemental Table III.2. 
Graph preparation and statistical analysis was performed using GraphPad 
Prism (GraphPad Software). The number of samples used for each quantification 
is included in the corresponding figure legend. 
Preliminary Results 
Sas4 cKO; Spo11-Cre males fail to develop mature spermatozoa 
  We utilized a previously published Sas4 cKO mouse line (Bazzi and 
Anderson, 2014) to assess the effects of SAS4 depletion in meiosis (Figure III.1A, 
see Materials and Methods). Homozygous Sas4 flox mice were mated to Sas4 
+/flox mice harboring a germ cell-specific Cre transgene to produce Sas4 cKO 
(Sas4 flox/del; Cre) offspring. 
 Initially, we paired the Sas4 cKO genotype with Spo11-Cre to deplete SAS4 
in early prophase (Hwang et al., 2018a; Lyndaker et al., 2013). We measured 
testes to body weight ratios of Sas4 cKO; Spo11-Cre and control males at varying 
ages (Figure III.1B). Surprisingly, Sas4 cKO; Spo11-Cre males did not show any 
size difference compared to their control littermates at any age. 
 We then prepared tubule squashes from Sas4 cKO; Spo11-Cre males to 
assess the integrity of the centrioles (Figure III.2A and B). While control mice have 
2 centrioles at both spindle poles in metaphase I, Sas4 cKO; Spo11-Cre 
spermatocytes only had 1 centriole at either pole (Figure III.2A). In control 
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spermatocytes, CEP164 staining marks the mature mother centriole, while the 
newly formed daughter centriole is free of CEP164 (Graser et al., 2007). CEP164 
localized to the singular centrioles in Sas4 cKO; Spo11-Cre spermatocytes, 
indicating a failure in daughter centriole biogenesis. Despite the failure of 
spermatocytes to properly duplicate their centrioles, Sas4 cKO; Spo11-Cre 
spermatocytes did appear to undergo meiosis I normally. We anticipated that this 
lack of centriole biogenesis would result in errors in the next round of division. This 
was confirmed by pericentriolar matrix staining (PCM) of MII spermatocytes, which 
indicated that the single centriole is fully matured (Figure III.2B).  
To determine if Sas4 cKO; Spo11-Cre spermatocytes completed meiosis 
successfully, we assessed cross sections of tubules harvested from adult mice 
(Figure III.3A). While mature spermatozoa were clearly visible in the lumen of 
control tubules, mature spermatozoa were absent in Sas4 cKO; Spo11-Cre 
tubules. Sas4 cKO; Spo11-Cre primary spermatids had a larger diameter 
compared to controls, indicating either potential apoptotic cells or cells containing 
an incorrect amount of genetic material (Figure III.3B). Sperm counts from 
epididymis samples confirmed that Sas4 cKO; Spo11-Cre males were likely 
infertile, with very low sperm density compared to controls (Figure III.3C). Closer 
analysis of the sperm collected from these mice revealed that Sas4 cKO; Spo11-
Cre spermatozoa lacked flagella (Figure III.3D). Prior research has demonstrated 
that mitotic cells fail to develop cilia when SAS4 expression is depleted 
(Gopalakrishnan et al., 2011). This mobility role of centrioles likely explains the 















Figure III.1: Sas4 cKO; Spo11-Cre males develop normally sized testes. (A) 
Schematic of mouse Sas4 floxed allele containing loxP sites (orange triangle), 
flanking exon 12 (gray box), and the resulting Sas4 deletion allele after excision of 
exon 12 by Cre recombinase in early prophase. (B) Quantification of testes to body 
weight ratio of control and Sas4 cKO; Spo11-Cre males. Mean and SD of each 
column are represented by the black bars. Numbers at the base of each bar 






Sas4 cKO; Stra8-Cre spermatocytes undergo apoptosis in prophase 
 While the Sas4 cKO; Spo11-Cre phenotype confirms SAS4’s critical roles 
in centriole duplication and flagella formation, it does not serve as a source of 
information on SAS4’s role in the earlier stages of meiosis. To better assess this, 
we moved to using a Stra8-Cre transgene. Compared to Spo11-Cre expression in 
early meiosis, Stra8-Cre is expressed earlier, in the pre-meiotic stage (Hwang et 
al., 2018a; Sadate-Ngatchou et al., 2008). We hoped that an earlier depletion of 
SAS4 would result in an earlier, meiosis I phenotype. 
 Testes to body weight ratios of Sas4 cKO; Stra8-Cre males were smaller 
than control littermates beginning at 16 dpp (Figure III.4A). At this age, the first 
wave of spermatogenesis should be in mid- to late-prophase I (Zindy et al., 2001). 
Cross sections of Sas4 cKO; Stra8-Cre tubules revealed an enrichment of primary 
spermatocytes with compact chromatin, indicative of an arrest in prophase (Figure 
III.4B).  To investigate the exact timing of this arrest, we performed prophase-stage 
chromosome spreads to look at yH2AX localization (Supplemental Text III.1 and 
Supplemental Figure III.1). yH2AX is a marker for the DNA damage repair that 
occurs at the start of prophase during chromatin remodeling (Fernandez-Capetillo 
et al., 2003; Hamer et al., 2003; Hunter et al., 2001). yH2AX localization was 
resolved normally in Sas4 cKO; Stra8-Cre spermatocytes, indicating that the 
observed arrest is due to a defect occurring in later prophase, after double-strand 
breaks are repaired.  
Sas4 cKO females are fertile 
 We also wanted to evaluate the role of SAS4 in mammalian oogenesis. To 














Figure III.2: Sas4 cKO; Spo11-Cre spermatocytes do not duplicate their centrioles. 
(A) Examples of metaphase I control and Sas4 cKO; Spo11-Cre spermatocytes 
stained for alpha-tubulin (α-TUB, red), centrin 3 (CETN3, green), CEP164 (purple) 
and DNA (DAPI, blue). Lower images are enlarged views of centrioles on either 
side of the spindle. (B) Example of a metaphase I Sas4 cKO; Spo11-Cre 
spermatocyte stained for alpha-tubulin (α-TUB, red), centrin 3 (CETN3, green), 
pericentrin (PCM, purple), and (DNA (DAPI, blue). Lower image is an enlarged 

















Figure III.3: Sas4 cKO; Spo11-Cre males do not produce mature spermatozoa. 
(A) Cross sections of H&E stained testes tubules from control and Sas4 cKO; 
Spo11-Cre adult males. (B) Quantification of round spermatid diameter measured 
from adult control and Sas4 cKO; Spo11-Cre males. (C) Quantification of sperm 
density counted from epididymis samples of adult control and Sas4 cKO; Spo11-
Cre males. Mean and SD of each column are represented by the black bars. 
Numbers at the base of each bar indicate the number of mice counted for each 






transgene, which results in SAS4 depletion at the primary follicle stage prior to 
meiotic resumption (Lan et al., 2004). 
Fertility tests have shown that Sas4 cKO; Zp3-Cre females are fertile and deliver 
healthy litters (N=2).  Sas4 cKO; Zp3-Cre and control oocytes were collected and 
assessed via immunofluorescence microscopy. Sas4 cKO; Zp3-Cre oocytes 
underwent NEBD and achieved a bipolar metaphase I spindle at the same rate as 
controls (Figure III.5 A and B). All of the observed Sas4 cKO; Zp3-Cre oocytes had 
similar NEDD1 localization compared to controls, indicating normal MTOC 
organization. These results indicate that SAS4 is not essential for oogenesis. 
Plk4 cKO males develop undersized testes 
 We developed a floxed Plk4 allele (Plk4 flox) to evaluate the roles of PLK4 
in mammalian meiosis (Figure III.6A; see Materials and Methods). By breeding 
homozygous Plk4 flox/flox mice to mice expressing a Cre recombinase transgene, 
we were able to obtain Plk4 +/flox; Cre offspring. These mice were bred to Plk4 
flox/flox mice to produce Plk4 cKO (Plk4 flox/del; Cre) mice. (Figure III.6A). We 
utilized Spo11-Cre, which is specifically expressed in early meiotic prophase 
(Hwang et al., 2018a; Lyndaker et al., 2013). 
 We first assessed the effect of conditional PLK4 depletion in adult (65 dpp) 
males by quantifying testes to body weight ratios (Figure III.6B). At 65 dpp, the first 
wave of spermatogenesis should have reached its completion. Plk4 Spo11-Cre 
cKO males had a significantly smaller testes to body weight ratio compared to 
















Figure III.4: Sas4 cKO; Stra8-Cre spermatocytes arrest in prophase I. (A) 
Quantification of testes to body weight ratio of 16 dpp control and Sas4 cKO; 
Stra8-Cre males. Mean and SD of each column are represented by the black 
bars. Numbers at the base of each bar indicate the number of mice counted for 
each genotype. (B) Cross sections of an H&E stained testes from a 16 dpp Sas4 
cKO; Stra8-Cre adult male. Zoomed images on the right include a cross section 





III.6C). This size difference is indicative of germ cell arrest and apoptosis, although 
further experiments are needed to determine the exact timing. 
Plk4 cKO oocytes successfully form a bipolar metaphase I spindle 
 To assess the role of PLK4 in oogenesis, we collected and assessed 
oocytes from control and Plk4 cKO females. We utilized Zp3-Cre and Spo11-Cre 
transgenes, which will deplete PLK4 in the primary follicle stage and in early 
prophase, respectively. Both Plk4 cKO; Zp3-Cre and Plk4 cKO; Spo11-Cre 
oocytes underwent NEBD at a similar rate as controls (Figure III.7A and B). 
Preliminary analysis of these oocytes indicated that they successfully organize 
their MTOCs in prometaphase (Figure III.7C). Additionally, Plk4 cKO oocytes 
underwent normal chromosome condensation processes to form bivalents by 
prometaphase. 
Discussion 
 Both PLK4 and SAS4 play critical roles in mammalian mitosis. PLK4 has 
been shown to recruit downstream regulators and structural components to the 
base of the mother centriole at the start of centriole biogenesis (Arquint and Nigg, 
2016; Bettencourt-Dias et al., 2005; Habedanck et al., 2005; Kuriyama, 2009; 
Moyer and Holland, 2019). Prior research has shown that PLK4 phosphorylates 
STIL at two separate sites, which allows STIL to form a bridge between the mother 
centriole and the newly-formed cartwheel (Moyer and Holland, 2019).  
The roles of PLK4 in mammalian meiosis are not fully understood. PLK4 
has been shown to localize to centrioles in spermatocytes and to MTOCs in 
oocytes (Bury et al., 2017; Coelho et al., 2013; Gopalakrishnan et al., 2011; Jordan 
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et al., 2012). Since PLK4 depletion is embryonically lethal due to its mitotic roles, 
functional studies in meiosis have been limited to heterozygous point mutations, 
RNA inhibition and overexpression studies. Mutations in the kinase domain of 
PLK4 has been shown to cause partial germ cell loss during the first wave of 
spermatogenesis (Harris et al., 2011). In oocytes, PLK4 has previously been 
shown to regulate the assembly of MTOCs (Bury et al., 2017; Luo and Kim, 2015; 
Severance and Latham, 2018). 
SAS4 is also known to be essential for centriole biogenesis. SAS4 serves 
as a scaffold for the initial centriolar cartwheel, and therefore must be recruited to 
the base of the mother centriole for nucleation to occur (Kuriyama, 2009; 
McLamarrah et al., 2018). Complete knockouts of SAS4 are embryonically lethal 
due to a failure to organize tubulin (Bazzi and Anderson, 2014; Leidel and Gönczy, 
2003). 
Meiotic studies of SAS4 have been limited to non-mammalian models. In 
Drosophila melanogaster, SAS4 depletion results in the acentriolar mitosis of 
germline stem cells (Riparbelli et al., 2020). The meiotically-dividing 
spermatocytes downstream of these stem cells undergo apoptosis due to a lack of 
spindle organization. This contrast between mitosis and meiosis implies a 
divergence of roles for SAS4. 
The embryonic lethality of PLK4 and SAS4 depletion have limited our 
current understanding of their roles in mammalian meiosis. To better address 
these needs, we utilized meiosis-specific conditional knockouts of both PLK4 and 
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SAS4. The results presented here are the first to examine the effects of PLK4 and 
SAS4 depletion using a meiosis specific knockout model. 
Our preliminary results indicate that SAS4 is essential for spermatogenesis, 
but not oogenesis. The ability of Sas4 cKO oocytes to undergo successful meiosis 
I is unsurprising, given that oocytes do not rely on a canonical centriole structure. 
Prior research has shown that SAS4 localizes to oocyte MTOCs prior to NEBD, 
but not after (So et al., 2019). Interestingly, we observed that Sas4 cKO 
spermatocytes arrest in prophase I or metaphase II, depending on the timing of 
SAS4 depletion. This indicates a dual role for SAS4 in spermatogenesis. Our data 
confirms that SAS4 is required for centriole duplication in meiosis, similarly to its 
known mitotic roles. However, the early prophase I arrest of Sas4 cKO; Stra8-Cre 
spermatocytes indicate that SAS4 has a previously unreported role in the initial 
stages of meiosis. 
 Plk4 Stra8-Cre cKO males develop undersized testes by 24 dpp. This 
indicates an arrest in the first wave of spermatogenesis. This finding aligns with 
previous reports of early spermatocyte arrest in mice harboring PLK4 mutations 
(Harris et al., 2011). Surprisingly, we did not observe a notable difference between 
control and Plk4 cKO oocytes at prometaphase. This contrasts previous reports of 
a role for PLK4 in MTOC assembly (Bury et al., 2017; Luo and Kim, 2015). Further 
analysis is needed to confirm that the targeted proteins are being depleted as 

















Figure III.5: (A) Timing of NEBD in oocytes from control and Sas4 cKO mice. 52 
oocytes from 1 control mouse and 43 oocytes from 1 Sas4 cKO mouse were 
assessed. (B) Examples of metaphase I control and Sas4 cKO oocytes stained 


















Figure III.6: PLK4 depletion results in decreased testes size. (A) Schematic of 
mouse Plk4 floxed allele containing loxP sites (orange triangle), flanking exon 5 
(gray box), and the resulting Plk4 deletion allele after excision of exon 5 by Cre 
recombinase in early prophase. (B) Quantification of testes to body weight ratio of 
control and Plk4 cKO; Spo11-Cre males. Mean and SD of each column are 
represented by the black bars. Numbers at the base of each bar indicate the 
number of mice counted for each genotype. The P value (Mann-Whitney, two-
tailed) for the indicated comparison is significant (P=0.005). (C) Quantification of 
testes to body weight ratio of control and Plk4 cKO; Stra8-Cre males. Mean and 
SD of each column are represented by the black bars. Numbers at the base of 





















Figure III.7: (A) Timing of NEBD in oocytes from control and Plk4 cKO; Zp3-Cre 
mice. 152 oocytes from 5 control mice and 103 oocytes from 4 Plk4 cKO: Zp3-
Cre mice were assessed. Mean and SD of the columns of each graph are 
represented by the blue circles (control), pink squares (Plk4 cKO), and 
corresponding bars. (B) Timing of NEBD in oocytes from control and Plk4 cKO; 
Spo11-Cre mice. 86 oocytes from 3 control mice and 79 oocytes from 3 Plk4 
cKO: Spo11-Cre mice were assessed. Mean and SD of the columns of each 
graph are represented by the blue circles (control), pink squares (Plk4 cKO), and 
corresponding bars. (C) Examples of prometaphase I control and Plk4 cKO 



















Future Directions and Concluding Remarks 
 Further experiments are needed to elucidate the specific roles of PLK4 and 
SAS4 in mammalian meiosis. First, we plan to confirm the depletion of these 
proteins by Western blot analysis of both oocytes and spermatocytes. This will 
inform us whether the Cre transgenes are depleting the target proteins as 
expected. Based on our preliminary results, we expect to see significant levels of 
PLK4 and SAS4 depletion in the cKO spermatocytes. In contrast, both Sas4 and 
Plk4 cKO oocytes appear to successfully reach metaphase I. This may be due to 
these proteins being unnecessary for oogenesis, or it may be a result of the 
conditional depletion being inefficient. 
 Our results indicate that Plk4 cKO oocytes reach prometaphase I 
successfully. It is possible that defects occur in the later stages of meiosis. To 
determine this, we will be performing fertility tests where Plk4 cKO females are 
mated with wildtype males. If the Plk4 cKO females are infertile, this will indicate 
that there is are defects occurring in later stages of meiosis. Depending on the 
results of the fertility tests, we can perform immunofluorescence staining to 
observe MTOC organization at metaphase I and metaphase II. Certain genes, 
referred to as maternal effect genes, must be expressed by the oocyte for early 
stages of embryogenesis to occur (Li et al., 2010; Zhang and Smith, 2015). IVF 
studies with Plk4 cKO oocytes and control spermatocytes can be used to 
determine if Plk4 is a maternal effect gene. 
 Additional experiments are also needed to better understand the observed 
phenotypes of Plk4 and Sas4 cKO males. In the case of Plk4 Stra8-Cre cKO 
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males, spermatocytes appear to be arresting during the first wave of 
spermatogenesis. We plan to prepare tubule squashes and chromosome spreads 
throughout the first wave of spermatogenesis to track centriole duplication and 
migration and pinpoint the onset of this arrest. Additionally, we plan to assess both 
lines for defects in chromosome synapsis and chromosome segregation. 
 Based on our current data, we believe that both the Plk4 and Sas4 cKO 
mouse lines will provide insight into currently unknown roles of PLK4 and SAS4. 
While much work remains, we have demonstrated that these proteins may have 




Supplementary Text III.1: yH2AX localization in Sas4 cKO males 
 At the start of meiotic prophase, I, double strand breaks are created and 
repaired to induce the interaction of homologous chromosomes. Spermatocytes, 
which have the unique challenge of an XY chromosome pairing, must also 
compartmentalize the sex body separately from the autosomal chromatin. yH2AX 
has been shown to be critical for both of these processes (Fernandez-Capetillo et 
al., 2003; Hamer et al., 2003; Hunter et al., 2001). 
 Preliminary chromosome spreads of Sas4 cKO spermatocytes show normal 
yH2AX localization (Supplemental Figure III.1). In early prophase I-stage 
spermatocytes, yH2AX localizes to double-strand breaks throughout the 
chromatin. By late prophase, these breaks have been resolved, leaving yH2AX 
only at the sex body. Based on the observed yH2AX localization, Sas4 cKO 
spermatocytes successfully resolve DNA breaks by late prophase. Based on these 
observations, we concluded that the defects resulting in a prophase arrest must 

















Supplemental Figure III.1: yH2AX localization in Sas4 cKO males. Examples of 
chromosome spreads prepared from control and Sas4 cKO; Stra8-Cre 






Gene Forward Primer (5'-…..-3') Reverse Primer (5'-…..-3') Product 
Size (bp) 
Plk4del TCTTGAGGGGAATTAGATAGCA CTCACTCAGCCCCAGATAAC 618  
Plk4flox and 




Sas4Wt TGCTTGCTTGTCTCTCCTGA TGCTTGCTTGTCTCTCCTGA 
Flox: 286 
WT: 316 
Cre Transgene CCATCTGCCACCAGCCAG TCGCCATCTTCCAGCAGG 420 
Cre Internal 
Control ACTGGGATCTTCGAACTCTTTGGAC GATGTTGGGGCACTGCTCATTCACC 
281 
Supplemental Table III.1: Primers used in this study.  
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Primary Antibodies 
Antibody Host Source Cat. Number 
IF 
Dilution 
alpha-tubulin Goat LS Bio LS-C24216 1:500 
alpha-tubulin Mouse Sigma-Aldrich T9025 1:1000 
alpha-tubulin Rabbit Thermo Scientific PA5-29444 1:500 
CEP164 Rabbit Millipore Sigma ABE2621 1:1000 
CETN3 Mouse Abnova H00001070-M01 1:200 
NEDD1 Mouse Abcam ab57336 1:750 
Pericentrin Mouse Abcam ab4448 1:200 
Secondary Antibodies 
Antibody Host Source Cat. Number 
IF 
Dilution 
Mouse IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11001 1:500 
Mouse IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11031 1:500 
Rabbit IgG (H+L), Alexa Fluor 488 Goat Invitrogen A-11008 1:500 
Rabbit IgG (H+L), Alexa Fluor 568 Goat Invitrogen A-11011 1:500 
Human IgG (H+L), Alexa Fluor 633 Goat Invitrogen A-21091 1:500 
Goat IgG (H+L) Alexa Fluor 488 Donkey Invitrogen A-11055 1:500 
Goat IgG (H+L) Alexa Fluor 568 Donkey Invitrogen A-11057 1:500 
Goat IgG (H+L) Alexa Fluor 633 Donkey Invitrogen A-21082 1:500 
Mouse IgG (H+L), HRP Rabbit Invitrogen 31450   
Rabbit IgG (H+L), HRP Goat Invitrogen 31466   
Supplemental Table III.2: Antibodies used in this study.  
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